Introduction {#S0001}
============

Craniopharyngiomas (CP) account for 1--5% of all primary intracranial tumors.[@CIT0001],[@CIT0002] They are slow-growing non-glial tumors, most of the times they occur in children and adolescents, or adults over age 50.[@CIT0002],[@CIT0003] Craniopharyngioma tumors develop near the hypothalamus in the area of the brain near the pituitary gland that controls growth and many body functions. The etiology of these lesions is unknown, according to WHO classification, they are benign Grade-I tumors.[@CIT0004],[@CIT0005] However, they may sometimes be considered malignant because they can cause serious problems by interfering with neuroendocrine structures or can cause neuropsychological complications thus, posing serious challenges to an oncologist and the patients.[@CIT0006],[@CIT0007] Craniopharyngioma lesions are supposed to be originated in the suprasellar regions from Rathke pouch epithelium, above the sella turcica of the skull base of the brain.[@CIT0008],[@CIT0009] These tumors typically comprise a mixture of calcium deposits, and cysts containing protein, lipids, and cholesterol pockets. There are two main subtypes of CPs, adamantinomatous CP (ACP) which is more common in children, and papillary CP (PCP) which occur in adults.[@CIT0002]--[@CIT0004],[@CIT0009] Specifically, PCPs consist of monomorphic squamous epithelium, and fibrovascular cores, with scattered immune cells, whereas ACPs consists of whorls, with stellate reticulum, palisading peripheral columnar epithelium, and "wet" keratin.[@CIT0010] Additionally, ACPs are known to have β-catenin gene (*CTNNB1*) mutations which are absent in PCP.[@CIT0011],[@CIT0012]

Several recent studies have shown that *CTNNB1* and *BRAF* (V600E) mutations were mutually exclusive for ACP and PCP tumors.[@CIT0013],[@CIT0014] In the majority of ACP tumors, somatic mutations in exon 3 of *CTNNB1* prevents degradation of β-catenin protein, thus activating the Wnt signaling,[@CIT0015],[@CIT0016] whereas mutations in *BRAF* exon 15 in PCP tumors lead to MAP kinase pathway activation.[@CIT0017] This discovery of specific mutations became useful to distinguish between ACP and PCP, and leading to the development of novel targeted therapies for patients with *BRAF* mutations in PCP cases.[@CIT0018]--[@CIT0020] In contrast, for ACP tumors, several studies documented mutations in the *CTNNB1* gene, but no such targeted therapy is available yet. Also, now it is well documented that this kind of targeted *BRAF* and *CTNNB1* sequencing by NGS or capillary method allows proper identification of ACPs from PCPs in tumor samples with limiting amounts of lesional cells when histopathology is not conclusive.[@CIT0021],[@CIT0022]

In this case report, we present NGS data of the ACP tumor DNA sequenced on Ion Proton instrument, and finding of new variants that were not previously reported in this tumor. Clinical trials are being in progress with specific *PIK3CA* inhibitors in advanced stages of many cancers including gliomas.[@CIT0023]--[@CIT0025] Thus, this kind of finding new activating mutations in the ACP tumors may help to develop targeted therapy with kinase inhibitors for a subset of craniopharyngiomas.

Case Report {#S0001-S2001}
-----------

### Case History {#S0001-S2001-S3001}

This study was approved by the Institutional Review Board (IRB) for the bioethics committee of King Abdullah Medical City (KAMC), Makkah, Kingdom of Saudi Arabia (IRB number 14--140) and performed in accordance with the principles of the Declaration of Helsinki. Before starting the study, formal written informed consent was obtained from the patient for publishing the images and the case details. The male patient aged around 35 years of Yamani origin was referred to the Neurosurgery unit, with a history of RTA (Renal tubular acidosis), fits, headaches, vomiting and loss of consciousness. Generally, the patient was conscious and oriented, he was vitally stable. The coagulation profile, blood chemistry, CBC, and the pituitary function were performed. The patient's pituitary hormones data are shown in [Table 1](#T0001){ref-type="table"}. Pituitary hormones levels such as ACTH, TSH, FSH, LH, and Prolactin were low. Brain CT revealed the presence of a space-occupying lesion (SOL). Craniotomy was done by lateral supraorbital approach (LSO) for complete tumor excision.[@CIT0026] After surgery, and before discharging from hospital, the patient was re-examined with MRI and CT scan. Results of re-examination revealed that the tumor was totally removed. Tumour was classified histologically according to the WHO grading system.[@CIT0005] Final diagnosis was made following the radiological and histopathological reports.Table 1Pituitary Hormones in the Craniopharyngioma Patient Before and After SurgeryTest PeriodTest NameResultUnitsNormal RangeHigh/LowPre-operativeFSH0.615IU/mL1.5--12.4LowPre-operativeTSH0.005IU/mL0.6--4.8LowPre-operativeLH0.08IU/mL1.5--9.3LowPre-operativeProlactin0.958ng/mL4.1--18.4LowPre-operativeACTH6.64pg/mL7.2--63.3LowOne week post-opTSH0.005IU/mL0.27--4.2LowOne week post-opProlactin0.214ng/dl4.1--18.4LowThree weeks post-opTSH0.008IU/mL0.27--4.2LowThree weeks post-opACTH1.53pg/mL7.2--63.3LowTwo months post-opTSH0.005IU/mL0.28--4.2LowThree months post-opTSH0.043IU/mL0.27--4.2LowFour months post-opTSH0.055IU/mL0.27--4.2LowFive months post-opTSH0.1IU/mL0.6--4.8LowNine months post-opTSH0.013IU/mL0.27--4.2LowTen months post-opTSH0.010IU/mL0.6--4.8LowEighteen months post-opTSH0.12IU/mL0.27--4.2LowThree years post-opTSH0.014IU/mL0.28--4.2Low

### Histology and Radiology Examination {#S0001-S2001-S3002}

The MRI of the brain was performed by a 3 tesla Syngo MR D13, Siemens MRI scanner. Preoperative Magnetic Resonance Imaging (MRI) of the brain ([Figure 1](#F0001){ref-type="fig"} [A](#F0001){ref-type="fig"}--[C](#F0001){ref-type="fig"}), and post-operative follow-ups MRI of the brain of this ACP patient is shown in [Figure 1D](#F0001){ref-type="fig"}--[F](#F0001){ref-type="fig"}.Figure 1Preoperative MRI Brain of an adamantinomatous craniopharyngioma patient (**A, B**, and **C**): A large sellar and supra-sellar space-occupying lesion showing high Signal intensity in T1 (panel **A**), FLAIR (panel **B**) and T2 (panel **C**) images with fluid level (red arrow). The lesion compressing the pituitary gland downward (white arrow, panel **A**) and extending upward displacing the optic chiasma and no invasion of the sphenoid sinus or cavernous sinus. Post-operative follow-up MRI brain done after 4 months (panels **D, E**, and **F**): T1 sagittal (panel **D**) and T2 coronal and axial (panels **E** and **F**) show residual fluid collection (red arrows) at the operative bed with complete resolution of the previously reported seller and supra-sellar lesion. No evidence of residual or recurrent disease.

Brain MRI with contrast showed a large sellar and suprasellar space-occupying lesion measuring 48 x 36 x 42 mm, this lesion showed high signal intensity in T1 ([Figure 1A](#F0001){ref-type="fig"}), FLAIR ([Figure 1B](#F0001){ref-type="fig"}) and T2 ([Figure 1C](#F0001){ref-type="fig"}) with fluid levels. The lesion compressing the pituitary gland downward and extending upward displacing the optic chiasma and no invasion of the sphenoid sinus or cavernous sinus is visible in [Figure 1A](#F0001){ref-type="fig"}. Normal MRI appearance of the basal ganglia, thalami, internal and external capsules on both sides were noted. Normal homogenous intensity of the periventricular white matter and centrum semi-ovale, and no midline shifts were also observed. Subarachnoid spaces were normal, including cisterns, fissures and sulci. Also, there were normal features of the cerebellar hemispheres, vermis, peduncles and brain stem with no abnormal intensities. Normal MRI features of the cerebellopontine angles and internal auditory canal were also found.

Post-operative MRI with contrast T1 sagittal ([Figure 1D](#F0001){ref-type="fig"}) and T2 coronal and axial ([Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"}) show residual fluid collection at the operative bed with complete resolution of the previously reported seller and supra-sellar lesion, and stable appearance of the sellar and suprasellar region with widened sella turcica with no evidence of enhanced recurrent tumor was found. No interval changes were seen in the right frontal deep and periventricular white matter T2 hyperintensities with cystic areas denoting old insult. Unchanged scattered juxta cortical and deep white matter rounded T2 hyperintensities without restricted diffusion were noticed. The ventricular system remains prominent. The remainder of the brain parenchyma shows no abnormal signal intensity or post-contrast enhancement. The CT scan of the brain was performed by a multi-slice CT (MSCT), using a 64-detector-row scanner. Images were acquired with 5 mm slice thickness throughout on a GE Medical Systems, light speed VCT, 64-slice multidetector CT (MDCT), and processed at low dose performance on Volara™ digital DAS (Data Acquisition System). Pre- and post-operative CT images are shown in [Figure 2](#F0002){ref-type="fig"}. Pre-operative-CT-showed a large sellar and suprasellar space-occupying cystic lesion with marginal curvilinear calcification of the wall ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}), and post-operative-CT-showed no residual or recurrent lesion at the operative bed ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0001){ref-type="fig"}).Figure 2Preoperative and Post-operative CT: (**A** and **B**) Pre-operative-CT-showing a large sellar and supra-sellar space-occupying cystic lesion (yellow arrow) with marginal curvilinear calcification (red arrow) of the wall; (**C** and **D**) Post-operative-CT done after 2 months showing no residual or recurrent lesion at the operative bed (yellow arrow).

A grayish white cystic lesion mass from the supra-sellar brain region was obtained after excision biopsy. The excised tumor was fixed in 4% buffered formaldehyde, processed and paraffin embedded. Four-micrometer-thick sections were prepared on clear ground glass microscope slides with ground edges and these sections were deparaffinized with EZ Prep, and routinely stained using Dako Reagent Management System (DakoRMS) with hematoxylin and eosin (H & E) on a Dako Coverstainer (Agilent). For immunohistochemistry, sections were collected on Citoglas adhesion microscope slides (Citotest) and then stained with antibodies according to standard protocols of Ventana BenchMark XT automated Stainer (Ventana, Tucson, AZ) as described previously.[@CIT0027],[@CIT0028] Images were acquired using NIKON Digital Microscope Camera - DS-Ri1, with image software NIS Elements v.4.0.

Histology data of the ACP tumor are shown in [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}. Hematoxylin and eosin (H&E) stained pictures reveal nests and cords of stratified squamous epithelium embedded within stroma. Squamous cells show peripheral palisading, with dystrophic calcification. Cholesterol clefts are also noted at different foci, and distinct and compact, lamellar keratin formations (wet keratin) are prominent in [Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}. In [Figure 3C](#F0003){ref-type="fig"} and [D](#F0001){ref-type="fig"} picket-fence like the pattern of palisading cells, and gliotic brain tissue, a large number of white spindle-shaped clefts representing cholesterol clefts are present. Hematoxylin and eosin staining also revealed basaloid cells in [Figure 4A](#F0004){ref-type="fig"}, and the tumor containing protrusion-forming palisading epithelium and a whorl like nodules with the presence of ghost cells, cystic changes and calcification ([Figure 4B](#F0004){ref-type="fig"}). Whorling and streaming spindle-cell fascicles are observed around the epithelial cell nests ([Figure 4C](#F0004){ref-type="fig"}), with stellate reticulum extending into the adjacent gliotic brain ([Figure 4D](#F0004){ref-type="fig"}). Immunohistochemistry of the ACP tumor is shown in [Figure 5](#F0005){ref-type="fig"}. This tumor is positive for Bcl2 in cytoplasm, and E-cadherin staining showed positive in membranes ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}); tumor showed membranous and cytoplasmic staining for β-catenin, peripherally palisading cells show stronger expression, whereas clusters of cells along the epithelial cell whorls show strong nuclear accumulation in [Figure 5C](#F0005){ref-type="fig"}. Also, spindle cells show moderate to strong cytoplasmic and nuclear expression and lack of membranous staining observed in squamous whorls. In [Figure 5D](#F0005){ref-type="fig"}, CK-8-18 staining shows membranal positive in all three layers squamous layer, stellate reticulum, and palisaded basal columnar cells, but negative in wet keratin. The final diagnosis was determined as ACP based upon histological, immunochemical, and radiological results.Figure 3Hematoxylin and Eosin (H&E) stained pictures of ACP tumor. (**A**) Histology of ACP, showing loosely cohesive squamous cells surrounded by peripherally palisading cells with distinct wet keratin (green arrows), stellate reticulum (black arrow); (**B**) an aggregate of epithelium with squamous nodule multiple wet keratin (black arrows, 20x); (**C**) basal epithelial layer showing a pattern of picket-fence (red arrow), and gliotic brain tissue (black arrow); (**D**) large number of white clefts representing cholesterol deposits (black, arrow).Figure 4Hematoxylin and Eosin (H&E) stained pictures of ACP tumor. (**A**) Nests of epithelial cells with a basaloid appearance (blue arrow), and stellate reticulum (red arrow); (**B**) the ACP with palisading epithelium and a whorl like nodules, cystic changes and calcification (black arrow); (**C**) Whorl like and streaming fascicles are observed around the epithelial cell nests (10x); (**D**) stellate Epithelium extending into adjacent stroma.Figure 5Immunohistochemistry of craniopharyngioma tumor. (**A**) Bcl2 staining shows positive in cytoplasm; (**B**) E-cadherin staining shows positive membranous stain; (**C**) β-catenin staining in squamous whorls, both intranuclear (translocated) and predominantly in cytoplasmic; (**D**) CK-8-18 staining shows positive in membranes.

### DNA Isolation and NGS Analysis on Ion Proton {#S0001-S2001-S3003}

Isolation of DNA was carried out by Qiagen FFPE Kits. FFPE sections (5--10; 5 microns) were deparaffinised using xylene, and then treated with ethanol and dried at 65°C for 5 mins. The pellets were digested with proteinase K in buffer ATL. Later, steps were carried out according to the user manuals. Ten ng of DNA was used for NGS analysis. Only tumor DNA was sequenced, a germline DNA was not sequenced.[@CIT0013],[@CIT0021] However, to minimize turnaround time and the cost of testing many times, tumor DNA sequencing by NGS does not currently involve sequencing of a matched germline sample. Sequencing was performed using Ion PI v3 chip on Ion Proton instrument.[@CIT0027],[@CIT0028] Libraries were prepared using Ion AmpliSeq Cancer HotSpot panel v.2 (P.No. 4471262) primer pools. The complete list of 50 genes is published previously.[@CIT0029] Ion AmpliSeq 2.0 library kit, and Ion PI Hi-Q OT2 200 kit was used for libraries and templates preparation, respectively. Sequencing was done using Ion PI Hi-Q Sequencing 200 kit, library was tagged with Ion Express barcode. After the sequencing, amplicon sequences were aligned to the human reference genome GRCh37 (hg19) in the target regions of the cancer panel using the Torrent Suite Software v.5.0.2 (Life Technologies). Variants call format (vcf) file was generated by running the Torrent Variant Caller Plugin v5.2. The vcf file data were analysed using Ion Reporter v5.6 (ThermoFisher Scientific, USA), which calculated allele coverage, allele frequency, allele ratio, variant impact, clinical significance, PolyPhen 2, Phred, SIFT and FATHMM scores.

Ion Torrent Suite software v 5.0.2 generated Ion PI chip run report metrics before and after alignment of sequences are shown in [Figure 6](#F0006){ref-type="fig"}. The Ion sphere particle (ISP) density image is showing the semi-conductor chip percent loading across the wells that contain a live ISP; the total number of bases reported in the output file is 10.2 G ([Figure 6A](#F0006){ref-type="fig"}); ISP summary showing loading, enrichment, clonality and final library quality is shown in [Figure 6B](#F0006){ref-type="fig"}; In the histogram, the first row shows 95% of loaded wells and empty wells are 5%, wells with the predicted number of live library ISPs (enrichment) are 100%, clonal ISPs are 74% and 26% ISPs are polyclonal (ISPs carrying clones from two or more templates). The mean read length of sequencing (trimmed lengths) of all reads is 110 bp ([Figure 6C](#F0006){ref-type="fig"}). In [Figure 6D](#F0006){ref-type="fig"}, after alignment analysis of the target regions of the cancer HotSpot panel used (CHP. 20131001.designed) to the reference genome GRCh37 hg19 (Human genome build 19, Accession no. GCA_000001405.1) and sample coverage overview is given. For this tumor NGS generated 6, 814, 682 mapped reads, with more than 96% reads were on target. Average base coverage depth, uniformity of base coverage, amplicon and target base read coverages of sequencing are shown in [Table 2](#T0002){ref-type="table"}. Initial analysis by Ion Reporter 5.6 program found a total of 1652 variants passed all filters. We have considered true mutations based upon Phred score above 40, and significant of mutation call by Ion Reporter software when p-value with below 0.05.Table 2Sequencing Coverage Analysis Report from Torrent Suite SoftwareTarget Base CoverageAmplicon Read CoverageBases in target regions22,027Number of amplicons207Percent base reads on target90.08%Percent assigned amplicon reads96.98%Average base coverage depth29, 945Average reads per amplicon31,926Uniformity of base coverage96.60%Uniformity of amplicon coverage96.14%Target base coverage at 1x100%Amplicons with at least 1 read100%Target base coverage at 20x100%Amplicons with at least 20 reads100%Target base coverage at 100x100%Amplicons with at least 100 reads100%Target base coverage at 500x100%Amplicons with at least 500 reads100%Target bases with no strand bias97.06%Amplicons with no strand bias98.55%Percent end-to-end reads87.03%Amplicons reading end-to-end89.37% Figure 6Torrent suite software generated Ion PI chip run report metrics before and after alignment of sequences. (**A**) The ISP density image is showing percent loading across the semi-conductor chip; (**B**) ISP Summary showing loading, enrichment, clonality and final library quality; (**C**) Read length (bases) histogram showing trimmed lengths of all reads. (**D**) After alignment analysis of the target regions (CHP. 20131001.designed) to the reference genome (Hg 19) and sample coverage overview as performed by the Ion Torrent Suite software v 5.0.2 for Ion Proton sequencing.

Summary of all missense mutations found by NGS analysis is shown in [Table 3](#T0003){ref-type="table"}. In this tumor NGS data analysis identified 16 variants out of which 4 are missense mutations, six were synonymous mutations, and five were intronic variants. None of these mutations were novel variants. In *CTNNB1* gene a known missense mutation in exon 3, in *TP53* in exon 4, and two known missense variants in *PIK3CA, viz*., in exon 7, and in exon 21 were found in this tumor, respectively. Seven synonymous mutations were found in this tumor *viz*., in *IDH1*, in *FGFR*, in *PDGFRA*, in *APC*, in *EGFR*, in *MET*, and in *RET* genes, respectively. Also, three known, intronic variants were found, one each in *PIK3CA*, in *KDR*, and in *JAK3* genes, respectively, in this tumor ([Table 3](#T0003){ref-type="table"}). A known splice site mutation at acceptor site in *FLT3* c.1310-3T\>C, and an SNV in 3'-UTR of *CSF1R* gene c.\*1841TG\>GA, were also detected. For each variant, the allele coverage, allele ratio and frequency, p-value, and Phred score are shown in [Table 4](#T0004){ref-type="table"}. The p-values and Phred quality score were significantly high for these variants. Variants with Phred scores below 40 were discarded.Table 3Variants Found in the Craniopharyngioma Tumor by NGS AnalysisChromosomal PositionGene\
NameReference AlleleObserved AllelecDNA ChangedAmino acid ChangedVariant TypeExonVariant IDchr2:209113192*IDH1*GAc.315C\>Tp. (Gly105Gly)Synonymous4rs11554137chr3:41266104*CTNNB1*GTc.101G\>Tp. (Gly34Val)Missense Substitution3rs28931589chr3:178917005*PIK3CA*AGc.352+40A\>G--Intronic--rs3729674chr3:178927410*PIK3CA*AGc.1173A\>Gp. (Ile391Met)Missense Substitution7rs2230461chr3:178952073*PIK3CA*TCc.3128T\>Cp. (Met1043Thr)Missense Substitution21rs1057519937chr4:1807894*FGFR3*GAc.1953G\>Ap. (Thr651Thr)Synonymous14rs7688609chr4:55141050*PDGFRA*AGc.1701A\>Gp. (Pro567Pro)Synonymous12rs1873778chr4:55980239*KDR*CTc.798+54G\>A--Intronic_rs7692791chr5:149433596CSF1RTGGAc.\*1841TG\>GA--3'-UTR_rs2066934chr5:112175769*APC*CGGCAGc.4479G\>Ap. (Thr1493Thr)Synonymous16rs41115chr7:55249063*EGFR*GAc.2361G\>Ap. (Gln787Gln)Synonymous20rs1050171chr7:116339672*MET*CTc.534C\>Tp. (Ser178Ser)Synonymous2rs35775721chr10:43613843*RET*GTc.2307G\>Tp. (Leu769Leu)Synonymous13rs1800861chr13:28610183*FLT3*AGc.1310-3T\>C-Splice site acceptor_rs2491231chr17:7579470*TP53*CGGCGC, CGc.215C\>Gp. (Pro72Arg)Missense Substitution4rs1042522chr19:17954161*JAK3*CTc.420+28G\>A-Intronic_COSM34196 Table 4Quality of DNA Sequencing on Ion Proton for the ACP TumorGene NameCoding DNAAllele CoverageAllele RatioAllele Frequency (%)Phred Scorep-valueCoverage (x)*IDH1*c.315 C\>TG=1978, A=22G=0.989, A=0.0111.11070.000012000*CTNNB1*c.101G\>TG=1874, T=124G=0.9379, T=0.06216.21920.000011998*PIK3CA*c.352+40A\>GA=956, G=1019A=0.4841, G=0.515951.5910,5460.000011975*PIK3CA*c.1173A\>GA=784, G=1215A=0.3922, G=0.607860.7813,8040.000011999*PIK3CA*c.3128T\>CT=1973, C=23T=0.9885, C=0.01151.151000.000011996*FGFR3*c.1953G\>AA=1985G=0.0, A=1.010031,5780.000011985*PDGFRA*c.1701A\>GAGCCCGGATGGACATG=1954AGCCCGGATGGACATG=1.0100.0028,3700.000011954*KDR*c.798+54G\>AC=57, T=1939C=0.0286, T=0.971497.1429,9900.000011996*CSF1R*c.\*1841TG\>GAGA=1974GA=1.010031,2530.000011974*APC*c.4479G\>ACGG=997, CAG=978CGG=0.5048, CAG=0.495249.5284580.000011975*EGFR*c.2361G\>AA=1993A=1.010031,8360.000011993*MET*c.534C\>TC=952, T=1047C=0.4762, T=0.523852.3810,9240.000011999*RET*c.2307G\>TT=1990T=1.010031,8010.000011990*FLT3*c.1310-3T\>CA=1039, G=960A=0.5198, G=0.480248.0295400.000011999*TP53*c.215C\>GCGG=803, CGC=1138, CG=1CGG=0.4135, CGC=0.586, CG=0.0005CGC=58.60, CG=0.0511,0530.000011942*JAK3*c.420+28G\>AC=1962, T=37C=0.9815, T=0.01851.85490.000011999

As shown in [Table 5](#T0005){ref-type="table"}, within the last 5 years, nine studies were published on the mutation profiling in ACP tumors using NGS methods.[@CIT0013],[@CIT0021],[@CIT0030]-[@CIT0036] So far one hundred ACP tumor samples were sequenced by NGS, and 85 tumors (85%) had *CTNNB1* mutations. In these studies, the majority of ACPs tumors have somatic activating mutations in the degradation-targeting box present between amino acids 32 to 45 in the exon 3 of *CTNNB1* gene where casein kinase 1 (CK1 α) first phosphorylates on Ser-45.[@CIT0037] This phosphorylation event triggers subsequent phosphorylation by glycogen synthase kinase-3 β (GSK3 β) at Ser-33, Ser-37, and Thr-41. In [Figure 7](#F0007){ref-type="fig"}, a schematic of amino acid motifs in β-catenin phosphorylation domain, also ubiquitination, and various regulatory protein binding domains are shown. The phosphorylation of these four residues causes the binding of β-catenin to the destruction complex resulting in the degradation of β-catenin.[@CIT0038] Mutations adjacent to the CK1 α and GSK3 β phosphorylation sites prevent this destruction complex formation and β-catenin degradation, causing the translocation of β-catenin to the nucleus ([Figure 7](#F0007){ref-type="fig"}).[@CIT0038],[@CIT0039]Table 5Previously Published Reports of ACP Tumors Profiling by NGS MethodsSer. No.Number of TumorsCTNNB1 MutationsCustom Panels UsedNGS Platform UsedReference11211 PositivesIllumina TruSeq- WESIllumina HiSeq 2500Brastianos et al,[@CIT0013]21512 PositivesTargeted SequencingRoche- 454 GS-JuniorMarucci et al,[@CIT0021]31p. (Asp32Tyr)Ampliseq Cancer Hotspot Panel v. 2Ion Torrent PGMBallester et al,[@CIT0030]432 Positives300 Cancer-related genes (Oncopanel)Illumina Hiseq 2500Bi et al,[@CIT0034]52626 PositivesIon AmpliSeq Designer 23 genesIon Torrent PGMGoschzik et al,[@CIT0033]6108 Positives and Two- double mutations (*FGFR3/CTNNB1*)Ion AmpliSeq Colon and Lung Panel v2 of 22 genesIon Torrent PGMBartels et al,[@CIT0032]73121 PositivesAmpliSeq Targeted SequencingIon Torrent PGMHara et al,[@CIT0031]81p. (Gly34Glu)Illumina TruSEQ Amplicon Cancer Hotspot (47 genes)Illumina MiSeqKassab et al,[@CIT0035]91p. (Thr41Ile)Transcriptome (tumor RNA) SequencingIllumina HiSeq 2000Dahl et al,[@CIT0036] Figure 7Schematic Representation of β--catenin phosphorylation, ubiquitination, and protein-binding domains. Mutations in the β--catenin are always found in the degradation-targeting box where CK1 α first phosphorylates Ser45 (shown in yellow circle). This phosphorylation event primes for subsequent phosphorylation by GSK3 β at Ser33, Ser37, and Thr41 (shown in yellow circles). The phosphorylation of these sites initiates the β--catenin degradation by the proteasome system by forming a destruction complex which is formed by axin, adenomatous polyposis coli (APC), and protein phosphatase 2A (PP2A) proteins resulting in the degradation of β-catenin by 26S proteasome system. Mutations in the codons adjacent to the CK1 α and GSK3 β phosphorylation sites (shown in red letter) prevent this destruction complex formation and β-catenin degradation, causing the translocation of β-catenin to the nucleus and activating the transcription of target genes.

Discussion {#S0002}
==========

While PCP tumors are predominantly found in adults, ACP tumors represent the vast majority of CP (9:1) and have a bimodal peak incidence (childhood and adults).[@CIT0040],[@CIT0041] The present ACP patient is 35 years old male. Hypopituitarism and hypothyroidism are common endocrine symptoms of craniopharyngioma.[@CIT0042] The leaking of fluid from the cystic component causes a significant problem in craniopharyngiomas, and it has been documented that cystic fluid is rich with necrotic and inflammatory components like cholesterol, cytokines and chemokines with particularly elevated concentrations of IL-6, IL-8, CXCL1, CXCL8 and the immunosuppressive cytokine IL-10.[@CIT0010],[@CIT0043] In our present case also, cholesterol crystals and calcification were present. The present case is positive for cytokeratin 8 and 18. ACP has distinctive patterns of immunostainings for different epithelial and squamous cells markers. Immunostaining for cytokeratin (CKs) is a valuable tool in distinguishing CP tumors. Cytokeratins are a complex family of many different polypeptides, are expressed in epithelial cells and their related neoplasms. Strong expression of cytokeratin 18, 19 and 20 are reported in ACP tumors.[@CIT0044]

It is well established that in cells that lack mutations in *CTNNB1* such as in PCP, the β-catenin is localized at the membranes, whereas mutations in *CTNNB1* gene in ACP translocate β-catenin to both the cytoplasm and nucleus.[@CIT0045] In the present case, also β-catenin immunostaining has confirmed this observation. The E-cadherin- β-catenin complex plays an essential role in the cell-cell adhesion mechanism. Cadherins are transmembrane proteins whose extracellular domains promote calcium-dependent adhesion between neighboring cells, whereas their cytoplasmic domain is linked to the actin cytoskeleton by means of cytoplasmic catenin proteins.[@CIT0046] Its dysfunction is associated with a decrease in cell differentiation and with increased invasiveness and metastasis.[@CIT0047] β-Catenin expressing cells in ACP tumor in this study found to express Bcl2 protein. However, not many previous reports examined the immunostaining of Bcl2 in ACP tumors, one study described β-catenin expressing cells in ACP tumor were found to have high levels of anti-apoptotic proteins of the Bcl2/Bcl-xL family and were found to be actively dividing.[@CIT0048]

The Ion AmpliSeq Cancer HotSpot panel we used in this study for the mutation analysis consists of 207 primers, targeting 50 oncogenes and tumor suppressor genes that are frequently mutated in several types of cancers.[@CIT0029] In the present tumor, not many actionable mutations were detected in cancer driver genes, this is in agreement with several studies previously published by NGS analysis of ACP tumors.[@CIT0021],[@CIT0030]-[@CIT0034] Marucci et al (2015) have reported only *CTNNB1* mutation using NGS method in 12 out of 15 cases (80.0%) of *BRAF* negative ACP tumors.[@CIT0021] Besides the *CTNNB1* mutations in ACP and *BRAF* V600E mutations in PCP, no further mutations were detectable by NGS in both tumor subtypes in their studies. We have detected only synonymous and benign mutations in the cancer driver genes (*APC, EGFR, MET, RET, FGFR3, IDH1* and *PDGFRA*) and the intronic variants in *PIK3CA*, in *KDR*, and in *JAK3*, a splice variant in *FLT3*, and a 3'-UTR of *CSF1R* gene. Although these variants are known in other tumors, for ACP tumors these variants reporting is new, we report this for the first time here. All these synonymous variants have high frequencies except *IDH1* variant, suggesting these are germline variants. *IDH1* mutations typically occur in low-grade gliomas; however, in the present case of ACP, we did not find *IDH1* exon two and *IDH2* exon four missense mutations.

The *EGFR* synonymous exon 20 mutation (rs1050171) we have reported in this ACP tumor also reported in a case of grade III anaplastic ependymoma.[@CIT0028] This synonymous *EGFR* SNP (p. Gln787Gln) was reported in 70% of lung adenocarcinoma tumors. This SNP was not a prognostic marker for anti-EGFR therapy; however, it is associated with improved overall survival (OS) in CRC patients.[@CIT0049],[@CIT0050] Also, this SNP showed a significant association with susceptibility to acute renal allograft rejection in a Korean population.[@CIT0051] In the present case, *EGFRvIII* variant was also not expressed as validated by Real-Time PCR assay which agrees with the previous report.[@CIT0052] The activated form of *EGFR* is reported in human ACP clusters cells and the activation of the *EGFR* pathway in β-catenin accumulating cells with activated Wnt signaling was demonstrated previously by others.[@CIT0052],[@CIT0053] Over-activating mutations in FGF receptors have been identiﬁed in several human cancers, including breast, bladder, prostate, endometrial and lung cancers as well as hematological malignancies.[@CIT0054] *FGFR* 1--3, *PDGFRA, PIK3CA*, and *TP53* mutations are very rare in ACP tumors. In a previous study, two cases with *CTNNB1* mutations tested positive by NGS analysis were reported to have *FGFR3* mutations p. (Ile378Thr) and p. (Ala719Thr), respective, but not *FGFR1* or *FGFR2* mutations.[@CIT0032] In the present case only, a synonymous mutation was found in *FGFR3*. Very rarely, other mutations also reported in ACP tumors having CTNNB1 mutations, in one case with CTNNB1 mutation, a mutation in the NF2 gene, and a frameshift mutation in the SETD2 gene was shown previously.[@CIT0035] An intronic SNP (rs7692791) of Kinase insert domain receptor (*KDR*) was associated with poor overall survival (OS) among patients with gastric and biliary tract cancer who were treated with sunitinib, this SNP is also found in the present ACP tumor.[@CIT0055]

Malignant transformation of ACP is extremely uncommon, increased expression of proliferation markers and *TP53* have been shown in malignantly transformed CP tumors.[@CIT0056] We have found a missense mutation (rs1042522) in *TP53* gene with a frequency of 47.94% which was not known previously in CP tumors. As reported by Zhang et al (2019), this SNP may be a potentially protective factor against neuroblastoma in Chinese children.[@CIT0057] However, this variant is reported to be associated with an increased risk of leiomyoma development.[@CIT0058] This mutation was detected in medulloblastoma tumor of a young patient and also in other cancers.[@CIT0059],[@CIT0060] This *TP53* variant also frequently altered in meningioma and in astrocytoma tumors, and predicted to be neutral with FATHMM score of 0.36.[@CIT0061],[@CIT0062] One investigation showed that this *TP53* polymorphism was effective in predicting the response to chemotherapy and correlated with PFS and OS in patients with advanced gastric cancer treated with paclitaxel and capecitabine chemotherapy.[@CIT0063] More studies related to this variant's clinical significance were reviewed by "Expert Panel in ClinVar database". However, the data were not statistically significant, and further studies are warranted.

Wnt/β-catenin and Sonic Hedgehog (SHH) pathways are defective in ACP tumors due to *CTNNB1* mutations. In the present case, the nucleo-cytoplasmic β-catenin is only seen in a small proportion of cells, often correlating with epithelial whorls and referred to as "clusters" as reported in other studies.[@CIT0002],[@CIT0011] In ACP tumors, all exon 3 mutations of the β-catenin gene targeted only near the CK-1 and GSK-3 β phosphorylation site, therefore, these mutations are important in the etiology of an ACP.[@CIT0064] The *CTNNB1* substitution -- missense mutation (COSM5670) at codon Gly34Val we detected in this tumor is a pathogenic one (FATHMM score 0.98). This mutation prevents the phosphorylation of the serine residues by CK1 α and GSK3 β thus preventing the destruction of β-catenin degradation, causing the translocation of β-catenin to the nucleus for increased gene expression. The mutations in the *APC* gene also prevent the interaction of β-catenin with APC protein and prevent the formation of the β-catenin phosphorylation complex. This leads to speculations that somatic mutations of the *APC* gene also may have a role in the origin of ACP tumors. Surprisingly a WES study recently revealed a presence of *CTNNB1* mutation and a germline *APC* frameshift mutation in a pediatric case of ACP in association with Familial adenomatous polyposis (FAP).[@CIT0036] However, it is not well established that patients with FAP are associated with ACP. Several investigations with NGS analysis of ACP tumors did not find any *APC* mutations so far. The synonymous *APC* mutation \[c.4479G\>A; p. (Thr1493Thr)\] we found in the present case, was also reported in colorectal cancer (CRC), and breast cancer.[@CIT0065],[@CIT0066]

Somatic mutations of *PIK3CA* are common in a variety of primary tumors such as those of the CRC, breast, brain, and stomach.[@CIT0025],[@CIT0066],[@CIT0067] Earlier investigation using NGS of 26 ACP tumors did not detect any recurrent mutations other than *CTNNB1* mutations; however, in these customized panel of genes, *PIK3CA* was not present.[@CIT0033] In the WES panel, and the customized primer panels used in two other studies, *PIK3CA* primers were present, but no mutation was found in this gene in ACP tumors.[@CIT0013],[@CIT0030],[@CIT0032],[@CIT0034] Our NGS profiling showed that the *PIK3CA* gene, which is involved in cellular proliferation and inhibition of apoptosis, was mutated in exon 7 (C2 domain) and in exon 21 (kinase domain) and in an intronic site also. This exon 7 variant p. (Ile391Met) was reported in grade III anaplastic ependymoma.[@CIT0028] This variant is reported as a benign one in ClinVar and in SNP databases with reference numbers VCV000135038.1 and rs2230461, respectively. The intronic variant (rs3729674) also is a benign one, and it was reported in CRC and in endometrial cancer.[@CIT0065],[@CIT0068] The C2 domain in *PIK3CA* contains amino acid residues from 330 to 480, and kinase domain contains amino acids 696 to 1068.[@CIT0069] The p110α subunit C2 domain is adjacent to the Ras-binding domain (RBD), and mutations of this domain were reported to increase the positive surface charge of the protein, thus increases the binding of p110α subunit of *PIK3CA* to cellular membrane enhancing the kinase activity.[@CIT0070] The exon 21 mutation is present in kinase domain, and it is a pathogenic one, with FATHMM prediction score of 0.95. This exon 21, *PIK3CA* mutation p. (Met1043Thr) found in this present case also reported in astrocytoma.[@CIT0071] A different mutation p. (Met1043Val) also is known at this codon in endometrial cancer.[@CIT0072] Previous studies have not reported any *PIK3CA* mutations in ACP tumors; however, Kassab, et al, 2019, have reported in one PCP case a kinase domain mutation in exon 20 p. (His1047Arg) in this gene that is been reported to activate the PI3K/Akt/mTOR pathway.[@CIT0025],[@CIT0035],[@CIT0073]

The NGS method detects mutations with high accuracy as evidenced by the p-values (0.00001) and the high Phred score for all the variants, indicating high confidence in the variants found in this tumor. The Phred quality score \[Q\] is a sequencing property which is logarithmically related to the base calling error probabilities \[P\]; ie, *Q= −10log~10~P*.[@CIT0074] That means if a score of 100 to a base, the chances that this base is called incorrectly are 1 in 10, 000 million. The frequencies of missense mutations found in the present study for *CTNNB1, PIK3CA* exon 7, and exon 21 missense variants, and *PIK3CA* intronic variant are 6.21%, 60.78%, 1.1.5%, and 51.59%, respectively, suggesting these are somatic variants. Although some variants have low frequencies, they all have Phred score of about 100 and high suggest they are true variants. Also, a high depth of coverage allowed us to reliably detect low-frequency mutations with high confidence. Allele coverage in most of the variants is around 2000x. We have verified all mutations in various databases (COSMIC, ExAc and dbSNP) to confirm whether variants are novel in this ACP tumor.

The patient in this study was regularly followed up by MRI examinations, and the pituitary functions were monitored and treated. His MRI of the brain was done, 4 years post-operatively revealed stable appearances of residual post-operative fluid collection on the pituitary bed, and no evidence of tumor recurrence. In general, this patient was doing well on follow up. However, the patient's developed symptoms of hypothyroidism and osteoporosis 4 years post-operatively. His 25-hydroxy vitamin D, and testosterone levels were low. The patient started developing symptoms of diabetes, and cardiovascular issues, he has higher HBA1c levels (6.4), and blood glucose levels (168 mg/dl), and his cholesterol and LDL-cholesterol levels were also high. Overall 5-year and 10-year survival rates reported ranges are from 89% to 94% and from 85% to 90%, respectively, with follow-up.[@CIT0075] Survivors of craniopharyngioma known to exhibit several metabolic syndromes, endocrinopathy, pituitary insufficiency, hypothalamic dysfunction, cerebrovascular problems, and neurocognitive dysfunction.[@CIT0004],[@CIT0075]-[@CIT0078]

Conclusion {#S0003}
==========

Further studies of the ACP tumors NGS profiling to confirm the *PIK3CA* mutations will help in developing targeted therapy, and for recruiting patients for clinical trials. Targeted therapy with *BRAF* inhibitors such as dabrafenib, trametinib and vemurafenib, or in combination *BRAF* and MEK inhibitors in PCP is giving promising responses in clinical trials.[@CIT0018]--[@CIT0020] Clinical trials are being in progress with specific *PIKCA3* inhibitors BKM120, in glioblastoma patients (Trail IDs: NCT01339052; NCT01349660; NCT01870726), and recently one clinical trial was completed with another inhibitor BYL719 (Trail ID: NCT01219699) with encouraging results in metastatic breast cancer.[@CIT0023],[@CIT0024] This kind of targeted therapy may be useful for a subset of craniopharyngiomas with *PIK3CA* activating mutations.
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